General: All reagents were obtained from commercial sources and used without further purification, unless otherwise noted. The solvents THF, toluene, pentane, and Et 2 O were dried over Na/benzophenone and distilled under nitrogen or passed through solvent purification columns (Glass Contour, Laguna, CA). [Cu 4 Mes 4 ] (Mes = mesityl), 1 [Cu(CH 3 CN) 4 ]O 3 SCF 3 , 2 1-(6 ' -bromo-pyridin-2 ' -yl)-ethanone, 3 and 2-bromo-6-(2',6'-dimethylphenyl)pyridine 4 were synthesized following literature procedures. All metal complexes were prepared and stored in a Vacuum Atmospheres inert atmosphere glovebox under a dry nitrogen atmosphere or were manipulated using standard inert atmosphere vacuum and Schlenk techniques. Labeled dioxygen ( 18 O 2 , 99%) was purchased from Icon Isotopes, Inc and used without further purification.
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Selected bond distances and angles for the structures of 3-5. Figure S4 . UV-vis spectra of 1-5 in acetone at -80 °C. 4 (51.2 mg, 0.070 mmol) and benzoylformic acid (42.0 mg, 0.28 mmol) in 3 mL THF was stirred for 30 min and the insoluble material was removed by filtration through a plug of celite. The orange colored filtrate was added to a yellow solution of L H (100 mg, 0.28 mmol) in 2 mL THF. After 30 min, the solvent was removed under vacuum to give a dark reddish-brown powder (yield 80%). X-ray quality single crystals were grown by a slow diffusion of pentane into a concentrated CH 2 Cl 2 solution of the product at -20 °C. 1 .23 (m, 3H), 2.96 (sept, J = 6.9 Hz, 2H), 2.34 (s, 3H), 1.17 (d, J = 6.6 Hz, 6H), 1.14 (d, J = 6.9 Hz, 6H). 13 4 (47.5 mg, 0.065 mmol) and benzoylformic acid (39.0 mg, 0.26 mmol) in 3 mL THF was stirred for 30 min and the insoluble material was removed by filtration through a plug of celite. The orange colored filtrate was added to a yellow solution of L Me (100 mg, 0.26 mmol) in 2 mL THF. After 30 min, the solvent was removed under vacuum to give a dark reddish-brown powder (yield 80%). X-ray quality single crystals were grown by a slow diffusion of pentane into a concentrated THF solution of the product at -20 °C. 1 (m, 6H), 2.85 (sept, J = 6.9 Hz, 2H), 2.30 (s, 3H), 2.13 (s, 6H), 1.17 (d, J = 6.9 Hz, 12H). 13 4 (47.5 mg, 0.065 mmol) and benzoylformic acid (39.0 mg, 0.26 mmol) in 3 mL THF was stirred for 30 min and the insoluble material was removed by filtration through a plug of celite. The orange colored filtrate was added to a yellow solution of L m-OMe (100 mg, 0.26 mmol) in 2 mL THF. After 30 min, the solvent was removed under vacuum to give a dark reddish-brown powder (yield 75%). X-ray quality single crystals were grown by a slow diffusion of pentane into a concentrated THF solution of the product at -20 °C. 1 [L Me Cu(O 3 SCF 3 )] (5). Upon addition of a yellow solution of a L Me (200 mg, 0.52 mmol) in 3 mL THF to a slurry of a CuCl (26.0 mg, 0.52 mmol) in 2 mL THF, the color of the reaction mixture was immediately changed into dark reddish-brown. After 12 hr, the insoluble material -S6-was removed by a filtration through a plug of celite and the solvent was removed under vacuum to give a purple powder. Pure [L Me CuCl] was isolated by recrystallisation through a slow diffusion of pentane into a concentrated THF solution of the product at -20 °C (yield 80%). 1 CuCl] (150 mg, 0.31 mmol) in 2 mL THF was added a coloress solution of AgO 3 SCF 3 (80.0 mg, 0.31 mmol). After 1 h, the insoluble AgCl was removed by filtration through a plug of celite and the filtrate was dried under vacuum to give a purple powder. X-ray quality single crystals were grown by a slow diffusion of pentane into a concentrated THF solution of the product at -20 °C (yield 75%). 1 Oxygenation Experiments. Reactions of complexes 1-4 with O 2 were performed similarly, as described in the following representative example. A 20 mL Schlenk flask containing 4 (60.0 mg, 0.1 mmol) in 10 mL acetone was cooled to -80 °C with an acetone / dry ice bath. The mixture was reacted with O 2 by bubbling the gas through the solution at this temperature for 4 h and then it was gradually warmed to room temperature. An aliquot from the brown solution was removed for analysis by ESI-MS (see Figures S6 and S7 ). To extract the organic products, the volatile materials were removed from the solution under vacuum. The residue was dissolved in concentrated NH 4 OH (2 mL), and the blue mixture was extracted with diethyl ether (3 × 20 mL), dried over anhydrous Na 2 SO 4 , and dried under vacuum. The residue was analyzed by ESI-MS ( Figure S8 ) and 1 H NMR spectroscopy with an internal standard (1,3,5-trimethoxybenzene). The latter indicated that the yield of recovered ligand (starting plus hydroxylated) was > 95 %, with a ratio of L m-OMe to L m-OMe -OH of 60:40 from analysis of the methyl protons on the methoxy substituent. For the case of the reaction with 2, the ratio L H :L OH was 87:13. 1 H NMR of L m-OMe -OH (CDCl 3 ): δ = 13.81 (s, L m-OMe -OH, 1H), 3.88 (s, 3H), 2.77 (sept, J = 6.9 Hz, 2H), 2.29 (s, 3H), 1.17 (d, J = 6.9 Hz, 12H) (other resonances were hidden below those of L m-OMe , Figure S9 ). The aqueous phase was then acidified to pH = 1 with concentrated HCl. The organic product was extracted with CH 2 Cl 2 (3 × 20 mL), dried over anhydrous Na 2 SO 4 , and dried under vacuum. The brown residue was analyzed by 1 H NMR spectroscopy with an internal standard (1,3,5-trimethoxybenzene), which revealed an overall yield (benzoylformic and benzoic acids) of > 98 %, and a ratio of benzoylformic acid (BFH) to benzoic acid (HOBz) of 40:60 based on integrated ratios of the ortho protons of benzoylformic acid and benzoic acid. For the case of the reaction with 2, the ratio was 60:40. 1 Table S1 (just below Figure S3 ). Table S1 (just below Figure S3 ).
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Electronic Structure Calculations:
All geometries were fully optimized at the M06L level of density functional theory 5 using the Stuttgart [8s7p6d | 6s5p3d] ECP10MWB contracted pseudopotential basis set on Cu 6 and the 6-31G(d) basis set 7 on all other atoms. In addition, 3 uncontracted f functions having exponents 5.100, 1.275, and 0.320 were placed on Cu. The grid=ultrafine option (in Gaussian 03) was chosen for integral evaluation and an automatically generated densityfitting basis set was used within the resolution-of-the-identity approximation for the evaluation of Coulomb integrals. All singlet geometries other than those for the peracid complex, the peracid transition-state (TS) structure leading to ring oxidation, and the starting complexes were obtained using broken-spin-symmetry calculations; the peracid and starting complexes were predicted to have stable restricted Kohn-Sham wave functions, and the wave function for the peracid TS structure inevitably returned to restricted solutions during geometry optimizations, although later checks did not necessarily confirm restricted stability. The nature of all stationary points was verified by analytic computation of vibrational frequencies, which were also used for the computation of zero-point vibrational energies, molecular partition functions (with all frequencies below 50 cm -1 replaced by 50 cm -1 when computing free energies), and for determining the reactants and products associated with each transition-state structure (by following the normal modes associated with imaginary frequencies). Partition functions were used in the computation of 298 K thermal contributions to free energy employing the usual rigid-rotator harmonic oscillator approximation.
In order to correct for biradical character in some of the singlet structures, multireference second-order perturbation theory (CASPT2) 8 computations were also performed. Singlet energies were computed by taking M06L triplet energies and adjusting them by singlet-triplet splittings computed at the CASPT2 level for structures otherwise identical to broken-symmetry singlets computed at the M06L level but with truncated ligands (for details see Figure S10 ) and the Stuttgart basis set on Cu and MIDI! basis set 9 on all other atoms. Orbital active spaces were chosen to include the most important copper d orbitals and oxygen valence orbitals, and these spaces were systematically expanded to ensure convergence with respect to active space size. Typically, space of 8 electrons in 8 orbitals, 10 electrons in 10 orbitals, and 12 electrons in 12 orbitals were evaluated, and good convergence was obtained by the (10,10) level. For structures that were predicted to be triplet ground states, free energies were computed based exclusively on the DFT energies and partition functions. For those structures predicted to be ground-state singlets, free energies were computed by combining DFT triplet electronic energies with CASPT2 singlet-triplet splittings and thermal contributions from the broken-symmetry DFT frequencies. Solvation effects (e.g., as modeled with a continuum solvent approximation) were not included; we note that all species are uncharged so that gas phase results are likely to be of good qualitative, and perhaps quantitative, utility. The latter point will be explored in future work.
Spin-orbit effects on the Cu atom were estimated using the Complete Active Space State Interaction (CASSI) method, in which an effective one-electron spin-orbit (SO) Hamiltonian based on the atomic mean field approximation of the two-electron part is employed. 10 CASSCF singlet and triplet wave functions based on all-electron calculations replacing the ECP10MWB basis set on Cu with the ANO-RCC relativistic basis set 11 (contracted to 5s4p3d2f) were used as basis functions to set up the SO Hamiltonian, and CASPT2 energies were used in the diagonal elements.
All DFT computations were performed with MN-GFM, 12 a locally modified version of Gaussian 03. 13 All CASPT2 calculations were performed with MOLCAS. 14 Selected free energies of activation and reaction free energies are presented in Figure S11 . CASPT2 singlettriplet splittings, calculated with the respective truncated (broken-spin-symmetry) DFT-singlet geometries, are shown in Table S3 . An illustration of the singlet and triplet reaction coordinates on a common energy scale is provided as Figure S12 . Figure S12. Corresponding singlet and triplet surfaces for various oxidation reaction mechanisms. All stationary points represent optimized structures that are qualitatively similar, but not exactly identical. No triplet structure analogous to the singlet hydroxylation by peracid TS structure could be found (all attempts led to other triplet TS structures) but the triplet single point energy for this species is shown. Note that the reaction could, in principle, take place entirely on the triplet surface. If, however, spin crossing to the singlet surface occurs, either a recrossing event is required or intersystem crossing in the final structure is required to reach the triplet ground state of the product. Relatively low-energy pathways are available for all possibilities. The coordinates of the structures (minima and transition state structures) are presented below, labeled according to Figure S11 : 
